H ematopoietic stem cells (HSC) are responsible for maintaining a functional blood system throughout life. They fulfill this requirement by giving rise both to new HSC and to a cascade of increasingly mature cells, thereby balancing the processes of selfrenewal and multilineage differentiation. HSC also have a tremendous capability to respond to stress and rapidly restore hematopoietic homeostasis by giving rise to the appropriate cell types. The mechanisms governing HSC function have been intensely investigated and a long list of molecules has been found to influence the properties of HSC. However, more than 50 years after the first successful hematopoietic transplant and two decades after the prospective isolation of HSC, large gaps in knowledge hamper both our understanding of basic HSC biology and their clinical use in regenerative medicine. Here we review the prominent role that cell surface receptors play in integrating extrinsic and intrinsic cues to support effective hematopoiesis.
HSC are believed to reside in a limited number of specialized niches within the bone marrow. An important role of these niches is to balance HSC self-renewal and differentiation, quiescence and proliferation. Intriguingly, HSC location changes during development, with hematopoiesis shifting from the yolk sac and aortagonad-mesonephros region to the placenta, fetal liver and bone marrow. 1 In adult life, HSC remain in dynamic contact with bone marrow niches, and can also be found in extramedullary sites such as spleen, liver and blood at various levels in response to stress or experimental stimuli.
The clinical use of bone marrow and HSC transplantation is well established and has made HSC a paradigm for stem cell therapy. Indeed, hematopoietic transplants are used to treat both hematopoietic and nonhematopoietic disorders and to reconstitute hematopoiesis after cancer therapies of a variety of solid tumors. A prerequisite for proper HSC function upon transplantation is the ability to travel through the blood stream and find these specialized bone marrow niches, a process referred to as homing. Homing and subsequent engraftment are likely accomplished by a combination of passive transport in the blood, active migration through the vascular endothelium, and adhesive interactions with cellular and extra-cellular components of the niche (Figure 1 
Role of integrin α α9 in hematopoiesis
Integrins are among the factors that regulate HSC function. This family of multifunctional, heterodimeric, transmembrane proteins plays critical roles in the development and homeostasis of many different tissue systems, and hematopoiesis is no exception. Many of the integrins are expressed in distinct patterns during hematopoietic differentiation and play important functional roles in several different processes. In this issue of the month, Schreiber et al. add integrin α9 to the growing number of integrins that are known to influence hematopoietic stem and progenitor cell (HSPC) location, proliferation and differentiation. 3 Over time, the view of integrins has expanded from the classical model of relatively static cell-matrix adhesion molecules to incorporate a much more diverse array of functions that includes cell-cell interactions, as well as inside-out and outside-in signaling. Together, these diverse functions help regulate multiple cellular processes. A well-documented example of integrin regulation of hematopoiesis is the control of HSC migration by α4β1. Antibody inhibition of α4β1 induces HSC mobilization to the blood and impairs HSC engraftment upon transplantation. 4, 5 Until now, however, the expression and functional roles of integrins α7-11 in HSPC had not been examined. Thus, Schreiber et al. began their investigation by showing that α7 and α9, but not α8, α10 or α11, are expressed by human cord blood and bone marrow HSPC. Using flow cytometry, they showed that integrins α9 and β1 are robustly expressed on lineage marker negative (Lin - )CD133
+ bone marrow cells and on Lin -
CD34
+ cord blood cells. Similarly, a concurrent article in Blood demonstrated integrin α9 expression by both mouse and human HSC. 6 Schreiber et al. then focused on determining the role of α9, partnering with β1, in HSPC function. They showed that CD34 + HSPC adhere to primary human osteoblasts, and that anti-α9 and anti-β1 antibodies inhibit this interaction. As osteoblasts express multiple proteins capable of mediating this association, HSPC binding to the previously identified α9 ligands vascular cell adhesion molecule-1 (VCAM1), 7 tenascin-C 8 and osteopontin 9 was tested. As expected, HSPC adhered to recombinant VCAM1 and tenascin-C. However, in contrast to the adhesion to osteoblasts, interaction with these recombinant proteins was not affected by HSPC preincubation with anti-α9 antibodies. It is possible that cell-cell interactions are more dynamic than cell adhesion to immobilized targets and, therefore, more susceptible to antibody-mediated inhibition. In addition, the recombinant protein concentrations may be vastly higher than the levels of VCAM1 or tenascin-C on the osteoblast cell surface, and this could explain the apparent discrepancy in α9-mediated interactions. Titration of recombinant protein concentrations may resolve this issue.
Nevertheless, HSPC adhesion to VCAM1 and tenascin-C seems selective for these proteins, as HSPC did not bind to recombinant osteopontin. This is particularly interesting as a parallel study suggests specific binding and functionally relevant interactions between α9-positive HSPC and osteopontin. 6 Different assays resulting in conflicting findings make it unclear which molecular interactions are relevant under physiological conditions.
It has been shown previously that integrin α9-deficient mice have a specific decrease in neutrophil development, while numbers of other cell types, as well as in vitro colony formation, were normal. 10 In their study, Schreiber et al. showed that the anti-α9 blocking antibody inhibits HSPC proliferation and colony formation in vitro. The authors concluded that integrin α9 influences multiple functions of HSPC, including cell adhesion and differentiation.
In light of the mild phenotype of α9 null mice and the likely redundancies between α9 and other integrins, the profound effects of the α9 blocking antibody are somewhat surprising. Similarly, blocking α4 function with antibodies seemed to have a greater effect on HSC homing and engraftment than genetic deletion of the α4 gene. 11, 12 If α9 and α4 are functionally redundant, one might expect that inhibiting either molecule alone would have a relatively limited impact on functional interactions. One possible explanation is that rather than simply blocking adhesive interactions, binding of the antibody activates integrin-mediated signaling. 13 This could set off a cascade of events not possible when the integrin subunit is absent, and lead to unanticipated outcomes such as apoptosis.
14 Induction of signaling could also explain how the anti-α9 antibody has significant effects on cellular function even in suspension cell culture, in which adhesive interactions are likely to be of limited importance. Alternatively, blocking antibodies, having a more acute effect, could preclude compensatory mechanisms that reduce the phenotype in cells with a genetic deletion. The use of α4 and α9 null cells, and testing whether anti-α4 and anti-α9 antibodies induce signaling in wild-type cells would help to distinguish between these possibilities.
Redundancies in expression and function of cell surface molecules
The overlapping expression of molecules that bind the same ligands or share other functions can mask the role of individual molecules (Figure 2) . With the addition of α7 and α9, hematopoietic cells express at least ten distinct integrin heterodimers. HSC themselves express many molecules that may have similar functions, such as adhesion to niche components. Redundancies between cell surface molecules seem common, as HSC lacking several molecules with well-established functions in hematopoiesis are nevertheless often capable of overcoming such deficiencies. These include α4, α9 and VCAM1 mentioned above, and CXC chemokine receptor-4 (CXCR4), discussed below. In addition, molecular redundancies are not limited to HSC themselves, but also include cell types that may comprise the niche. For example, both osteoblasts and HSC express α9 in addition to VCAM1. [15] [16] [17] Does α9 on HSC bind to VCAM1 on osteoblasts, or is it VCAM1 on HSC that binds to α9 on osteoblasts? Maybe two-way binding reinforces the interaction. Alternatively, osteoblasts may use these molecules primarily to adhere to self, to form clusters or layers of osteoblasts. Self-self interactions also open up the exciting possibility that HSC interact directly with other HSC. Such clustering could serve to foster a highly specific environment that supports unique HSC properties such as self-renewal. Testing the potential physiological roles of such cell interactions will require sophisticated experimental approaches, but could lead to important new insights.
As one of the likely functions of the niche is to promote HSC quiescence, in vivo links between cell location and proliferation are not surprising. Thus, when manipulating molecules that strictly provide a physical tether to the niche, one would expect more pronounced effects in vivo than in vitro. In the case of integrins, however, the predicted outcome is more complex because of the ability of these proteins to participate in both adhesion and bidirectional signaling. To fully understand integrin regulation of HSC, the function of the integrins themselves has to be determined. Do integrins on HSC engage in cell-cell or cell-matrix interactions or both? What are the molecular targets and where are these targets located? Do integrins participate in signaling in HSC? What factors initiate and propagate such signaling, and what are the functional consequences? For many of the integrins, powerful methods of investigation exist, including specific monoclonal antibodies and germline and conditional gene deletions. These methods will be invaluable to further probe integrin regulation of HSC function.
In addition to molecular and functional redundancies, cellular redundancies also play important roles when considering HSC-specific properties. Even in their predominant in vivo location, the bone marrow, HSC are extremely rare, accounting for only about 0.01% of all nucleated cells. To achieve a competitive advantage for niches specifically supporting HSC properties, HSC most likely take advantage of very selectively expressed cell surface molecules capable of mediating strong niche interactions. Alternatively, HSC may use a unique combination of cell surface receptors (discussed below 
CD34
+ bone marrow cells express α9; very few of these are longterm repopulating HSC. 19 Integrin α9 is also displayed on neutrophils and on circulating HSPC in cord blood, so it is not specific to HSPC actively engaged in niche interactions. This relatively broad expression pattern makes it unlikely that this molecule, at least by itself, regulates HSC-specific localization to rare HSC niches. Of course, context-dependent integrin activation or downstream signaling may differentiate between outcomes in distinct cell types. Thus, it will be interesting to learn whether integrin α9 expression, activation or signaling is cell-type dependent, or modulated upon HSC mobilization to the blood stream.
Lessons from the chemokine stromal cell-derived factor 1 and its receptor CXCR4
A well-established regulator of hematopoietic migration and location is the seven-transmembrane, G-protein-coupled receptor CXCR4. HSC actively migrate toward the chemokine stromal cell-derived factor 1 (SDF-1 or CXCL12) in what appears to be a direct response to SDF-1 by CXCR4 receptors on HSC. 19, 20 Mice deficient in either SDF-1 or CXCR4 die during late embryogenesis and lack bone marrow hematopoiesis, 21, 22 and CXCR4-blocking antibodies impair HSC engraftment. 23 Recent data suggest that HSC specifically localize close to bone marrow cells expressing high levels of SDF-1. 24 The SDF-1-CXCR4 interaction can be disrupted by a pharmacological CXCR4 inhibitor, AMD3100, resulting in a rapid increase in HSC in the peripheral blood. 25 These experiments have convincingly demonstrated critical roles for SDF-1 and CXCR4 in specifying HSC location.
Surprisingly, however, two groups have independently shown that CXCR4 -/-HSC, isolated from the bone marrow of mice in which CXCR4 was deleted in adulthood, home and engraft in the bone marrow upon transplantation. 24, 26 Prior to these reports, it was conceivable that mice lacking CXCR4 fail to establish hematopoiesis because CXCR4 null HSC are incapable of migrating from the fetal liver to seed the bone marrow. Clearly, however, CXCR4 null HSC are capable of migration and engraftment, although less efficiently. Why, then, do the CXCR4 null HSC in the fetal liver fail to seed the bone marrow and initiate adult hematopoiesis? Considering the differences between temporal and spatial elements may provide some clues. First, it is possible that CXCR4 is required not only by HSC, but also by cells in the niche. Homotypic interactions between CXCR4 expressed on two different cell types have not been reported, but other CXCR4-dependent cells may be important components of the niche. Alternatively, CXCR4 may promote downstream events necessary for HSC function, but after such maturation CXCR4 is no longer required. This type of scenario has been described for the transcription factor SCL, which is necessary for fetal specification of HSC, but dispensible after that. 27 In the case of CXCR4, the migratory abilities conveyed to cells expressing this molecule may be a key factor. Perhaps a certain number of HSC are required to establish a supportive niche environment in synergy with other factors, but once established, the niche is capable of also supporting CXCR4-deficient HSC. This is an intriguing possibility that can be tested by reciprocal transplantation using wild-type and CXCR4-deficient mice as both donors and recipients.
Amazingly, it is still unclear exactly how adult bone marrow hematopoiesis is established. As described above, seeding of the bone marrow by fetal liver HSC is one possibility. It is well established that fetal liver HSC are capable of reconstituting bone marrow hematopoiesis in transplantation models, and HSC are present in the blood stream at increased levels just prior to the initiation of bone marrow hematopoiesis. 28 Alternatively, bone marrow hematopoiesis may not be dependent on migration and engraftment of fetal liver HSC, as there is considerable evidence for HSC arising de novo in the bone marrow. In this case, the main role of CXCR4 may shift from its ability to direct long-range migratory events to its properties promoting retention of HSC in bone marrow niches. Residence time in the bone marrow would allow HSC to gain CXCR4 independence, perhaps by upregulating expression of integrins or other molecules fulfilling similar functions. Some of these factors may be lacking in fetal liver HSC, making them unable to engraft under the suboptimal conditions of CXCR4 deletion. Indeed, there are several examples of differential requirements for factors in fetal versus adult HSC.
How is hematopoietic stem cell-specific location regulated?
Osteoblasts, expressing integrin-binding partners, and SDF-1-expressing cells are among the cell types proposed to create an HSC-supportive environment ( Figure  1 ). However, both CXCR4 and integrin α9 are expressed by numerous other bone marrow cells, making it unlikely that either molecule by itself dictates HSC location. How then is HSC location specified?
We find it likely that a matrix of interactions provided by multiple different molecules regulate HSC location to the niche (Figure 2 ). Such a network of additive forces may be necessary to achieve sufficiently strong interactions and enable rare HSC to outcompete more numerous cells expressing some, but not all, of the same adhesion molecules. Although overlapping in adhesive function, each molecular association may be regulated by distinct mechanisms, allowing diverse stimuli to modify HSC location. Positive and negative forces, such as adhesion and cytokines, would thus regulate dynamic HSC interactions with the niche in a combinatorial manner and allow HSC to respond to the varying demands of the blood system. The proposed scenario is reminiscent of the histone code hypothesis, by which several types of protein modifications promoting transcriptional activation or repression work together to dictate the final transcriptional outcome. Likewise, combinatorial expression of adhesion molecules may create a niche code that ultimately determines HSC location.
To fully appreciate the complex regulation of HSC location and fate, we must begin to assess the relationships between the many factors that influence HSC function. Is there a hierarchy between different adhesion molecules, both in terms of the sequence in which they act and in signaling cascades? Do integrins serve their expected function as integrators of multiple signals with context-dependent specificity? Combining experimental evidence from the vast number of studies performed to date with computational-based network mapping would likely reveal pathway hierarchies, as well as relevant convergence on common components. Novel and sophisticated approaches will be necessary to unravel the complex networks that make stem cells unique and to exploit their full clinical potential.
